Background: Quantitative MRI allows assessment of shoulder rotator cuff (RC) muscles by Dixon MR sequences with calculation of fractional fat content (FF%) maps and diffusion tensor imaging (DTI) including tractography. Purpose: To compare FF% and DTI derived parameters among visually intact RC muscles, to compare 2D with 3D DTI measurements and to establish normative values. Study Type: Prospective. Subjects: Forty patients aged >18 years undergoing shoulder MR arthrography were included. Field Strength/Sequence: MR arthrography of the shoulder including 3D multiecho Dixon and 3D echo-planar DTI sequences (15 gradient encoding directions, b-value 600 s/mm 2 ) was performed at 3.0T. Assessment: Muscles affected by RC tears or fatty infiltration of Goutallier grade ≥1 were excluded. Two independent radiologists measured FF%, apparent diffusion coefficient (ADC), and fractional anisotropy (FA) by region-of-interest (ROI) placements at the Y-position of the scapula and 3D tractography of each muscle with qualitative evaluation was performed. Statistical Tests: Intraclass correlation coefficients (ICCs) and Cohen's kappa were used for interreader agreement and Pearson correlation coefficient to correlate quantitative measures with each other and age, independent-samples t-test, one-way analysis of variance (ANOVA), and Kruskal-Wallis test were performed to investigate differences between genders and muscles. Results: Qualitative and quantitative measurements showed moderate (κ = 0.41-0.56) to almost perfect (ICC = 0.75-0.99) agreement. There were weak but significant positive correlations of FF% with age (r = 0.273, P < 0.05) and FA-2D (r = 0.319-0.383, P < 0.05). Significant differences were found among RC muscles for ADC, radial diffusivity (RD), and tract homogeneity (all P < 0.05) but not between genders (all P ≥ 0.05). High correlations of 2D with 3D measurements for ADC (r = 0.639, P < 0.001) and FA (r = 0.628, P < 0.001) were seen. Data Conclusion: Quantitative MRI with estimation of FF% and DTI parameters shows significant age-associated changes and differences among visually intact RC muscles. High reproducibility and correlations of 2D with 3D DTI measurements can be expected. Level of Evidence: 2 Technical Efficacy: Stage 2
accurate regarding fatty infiltration, especially for lower Goutallier grades. 5 Multiecho (ME) Dixon sequences using multiple echo times help to reduce T * 2 bias, and further increase accuracy of fat quantification beyond visually perceivable changes on computed tomography (CT) or spin-echo T 1 -weighted MR sequences. 6, 7 On the other hand, muscle condition can also be assessed by measuring free water diffusion. Diffusion tensor imaging (DTI) is a technique to quantify direction-dependent water diffusion, which is anisotropic in certain tissues, eg, nerves and muscles. 8 Because of muscles' parallel fiber microarchitecture, they show a highly directional environment and favor water diffusion in parallel over a perpendicular direction to muscle fibers. Water diffusion properties of muscles can either be derived straightforward from 2D regions of interest (ROIs) at certain, representative anatomic landmarks or calculated along a certain muscle fiber course with equal diffusion behavior. These 3D fiber tracts can be visualized by advanced postprocessing techniques connecting adjacent voxels with similar diffusion tensor orientation-hence the name DTI tractography. Tractography allows illustrating tissue integrity, ie, muscle continuity based on quantitative diffusion data. Classic DTI parameters are apparent diffusion coefficient (ADC) for diffusion magnitude as well as fractional anisotropy (FA), and radial and axial diffusivity (RD and AD) for characterization of diffusion anisotropy. 8 Cellular damage modifies the cellular structural organization, and therefore results in changed diffusion properties. 9, 10 Inflamed muscles show elevated diffusivity, while fat infiltrated muscles show reduced diffusivity and less anisotropic diffusion compared to healthy muscles. 11 As a functional MR technique, DTI may show muscle abnormalities before they become evident at conventional morphologic T 1 -, T 2 -, or proton-density weighted MR sequences. 12 However, to diagnose early pathologic changes by quantitative MRI, physiologic muscle-and gender-associated distribution of fractional fat content (FF%), and DTI values of visually intact RC muscles including possible age-associated changes should be established. For a description of the robustness of quantitative MRI repeatability through interreader agreement, and, with regard to DTI technique, the comparability of straightforward 2D (based on ROIs at a single defined anatomical landmark) vs. 3D (based on tractography along the muscle course) diffusion anisotropy measurements should be assessed.
Hence, the purpose of this study was to establish by means of quantitative MRI normative FF% and DTI parameters of visually intact supraspinatus (SSP), infraspinatus (ISP), teres minor (TM), and subscapularis (SSC) muscles, and to investigate age-associated changes as well as differences between genders, muscles, and 2D vs. 3D DTI measurements.
Materials and Methods

Patient Demographics
This prospective study was approved by the local Ethics Committee. Inclusion criteria were: patients with unspecific shoulder pain referred for direct MR arthrogram, age ≥18 years, and written informed consent. Exclusion criteria were: body mass index (BMI) ≥30, previous shoulder surgery, neurologic or muscular disorders, severe intra-articular defects of the labrum or long biceps tendon, and technically inappropriately performed examinations, such as contrast leakage into the RC muscles. A total of 40 patients undergoing standard direct MR arthrography of the shoulder met the study's inclusion and exclusion criteria and were therefore included in the study (female n = 12, mean age 44.3 years, range 19-71 years; male n = 28, mean age 39.4 years, range 20-63 years). There were no significant differences regarding age (P = 0.267) or BMI (female mean BMI 24.5 ± 3.8; male mean BMI 26.36 ± 3.3; P = 0.126) between men and women. Muscles with RC tears or a fatty infiltration of Goutallier grade ≥1 were excluded from this per muscle analysis eventually leaving 100 muscles (SSP = 22, ISP = 26, TM = 32, SSC = 20) from an initially available total of 160 muscles.
Imaging Protocol
Fluoroscopically guided injections of shoulder joints were performed according to our institution's standard protocol, using 1 ml of local anesthetic (mepivacaine, Mepivacain Sintetica 2%, 20 mg/ml, Sintetica, Mendrisio, Switzerland), followed by 1 ml of iodinated contrast agent to confirm correct needle position (iopromide, Ultravist, 300 mg iodine/ml, Bayer Pharma, Berlin, Germany) and 5-8 ml of gadolinium contrast agent (gadoteric acid, Artirem, 0.0025 mmol/ml, Guerbet, Roissy, France).
MR images were acquired on a 3.0T MRI unit (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany) using a dedicated 16-channel coil. First, our institute's routine MR shoulder arthrography protocol was performed: a T 1 Image Analysis QUALITATIVE MEASUREMENTS. Qualitative readout of the MR arthrograms was performed using the institution's PACS. Graduation of fatty muscle infiltration of the RC muscles was performed on a 5-point Likert scale according to Goutallier et al 1 on
sagittal oblique T 1 -weighted MR arthrogram images at the Yposition by an MSK radiologist (10 years of experience, N.A.F.A.) blinded to patient name, gender, and age. The same MSK radiologist also performed a screening for RC tears. All muscles affected by RC tears (either partial or total) or fatty infiltration of Goutallier grade ≥1 were excluded from further analysis.
QUANTITATIVE MEASUREMENTS. Images were exported from the institution's PACS to another image analysis software (syngo, Siemens Healthineers). 2D ROIs neatly encircling the borders of each RC muscle at the Y-position were placed on the T 1 -weighted images for cross-sectional area (CSA) measurements and later transferred to the FF%, ADC-2D, and FA-2D maps ( Fig. 1 ). Seed volume of interest (VOI) tractography was performed (syngo.MR Neuro 3D Engine) by placing 3D VOIs on the high b-value DWI images (b = 600 s/mm) with correlation to T 1 w reference images neatly encircling muscle tissue exclusively (Fig. 2) . Tractography presets used were 0.00011 for FA threshold and 30 for angle threshold. Tractography for each muscle was rated on a qualitative 4-point Likert scale ranging from 1 to 4 (1 = poor, 4 = perfect) regarding tract homogeneity and anatomic accuracy. The mean ADC (ADC-3D), FA (FA-3D), RD, and AD given by the respective muscle tractographies were noted. All measurements were performed by two MSK-fellowship trained junior readers (reader 1 with 5, reader 2 with 2 years of experience in MSK imaging) to assess interreader agreement.
Statistical Analysis
Continuous data are reported as mean ± standard deviation. Interreader agreement for CSA, FF%, ADC-2D, FA-2D, ADC-3D, FA-3D, RD, and AD was assessed using intraclass correlation coefficients (ICCs). Interreader agreement for qualitative parameters (tract homogeneity and anatomic accuracy) was calculated using Cohen's kappa. For both methods an agreement between 0.81 and 1.00 was rated as almost perfect, between 0.61 and 0.80 as substantial, between 0.41 and 0.60 as moderate, between 0.21 and 0.40 as fair, between 0.00 and 0.20 as slight, and less than 0 as poor according to Landis and Koch. 13 Data of the more experienced reader 1 were used for further analysis. Independent-samples t-test was performed to detect significant differences regarding CSA at the Y-position, FF %, ADC-2D, FA-2D, ADC-3D, FA-3D, RD, and AD between male and female, respectively. Pearson correlation coefficient was conducted to evaluate correlations between different variables and age, FF % and DTI parameters as well as between different anisotropy measurements, ie, ADC-2D vs. ADC-3D and FA-2D vs. FA-3D. One-way analysis of variance (ANOVA) was performed to assess differences between RC muscles. The Kruskal-Wallis test was used to assess differences between muscles regarding tract homogeneity and anatomic accuracy. P < 0.05 was deemed statistically significant. When indicated, Bonferroni correction for multiple comparisons was performed. All statistical analyses were performed using IBM SPSS statistics (release 25.0, Armonk, NY).
Results
Descriptive statistics of continuous data for different RC muscles and both readers are given in Table 1 . Using the described software preset, all fiber tracts could be generated with sufficient but varying homogeneity and anatomic accuracy for the different RC muscles. Respective qualitative ratings of fiber tracts of both readers are given in Table 2 .
Interreader Agreement
Interreader agreement for quantitative CSA, ADC-2D, and FA-2D were almost perfect (ICC >0.92) and substantial for FF %, ADC-3D, FA-3D, RD and AD (ICC >0.71) ( Table 1) . Regarding qualitative tractography parameters interreader agreement was moderate (κ = 0.41-0.56) ( Table 2) .
Gender-and Age-Related Differences
There was a significantly larger muscle CSA in men compared to women (P < 0.05) but there were no significant genderrelated differences in functional quantitative MRI parameters (all P ≥ 0.05) ( Table 3) . Age showed weak but significant positive correlation with FF% of the RC muscles (r = 0.273, P < 0.05) but with none of the other parameters such as CSA, ADC-2D, FA-2D, ADC-3D, FA-3D, RD, or AD.
Correlation Between DTI Parameters and FF% There was a substantial and significant positive correlation between ADC-2D and ADC-3D (r = 0.639, P < 0.001) as well as between FA-2D and FA-3D (r = 0.628, P < 0.001). FF % of the RC muscles showed intermediate positive correlation with FA-2D (r = 0.319, P < 0.01) and FA-3D (r = 0.383, P < 0.05) as well as intermediate negative correlation with RD (r = -0.435, P < 0.01) (Fig. 3) but no significant correlation with the remaining parameters (P = 0.07-1.00).
Muscle-Related Differences Significant differences were seen among different RC muscles in CSA (P < 0.001), ADC-2D (P < 0.01), RD (P < 0.01), as well as tract homogeneity (P < 0.05), with SSP showing lower ADC values and better tract homogeneity than the remainder as well as lower RD values than ISP and TM. There were no significant differences in ADC-2D, RD, or tract homogeneity between the remaining muscles and no significant differences among all four muscles regarding FF%, FA-2D, ADC-3D, FA-3D, AD, and anatomic accuracy (P = 0.06-1.00).
Discussion
In order to pick up early changes and to differentiate normal from pathologic muscle condition beyond visual perception knowledge of the normal range of fatty infiltration and DTI parameters of RC muscles, quantitative MRI is essential. In this study we report on mean values of FF%, ADC, FA, RD, and AD of qualitatively, ie, visually intact (no partial/full thickness tear or fatty infiltration of Goutallier grade ≥1) RC muscles, and give normative values for different muscles and genders.
Interreader agreement for quantitative parameters were substantial to almost perfect, indicating high robustness and reproducibility of the presented quantitative MRI techniques. Despite high reproducibility, interreader agreement for qualitative tractography parameters was only moderate. This reflects different subjective perception of tract quality with regard to anatomic accuracy and tract homogeneity. Although much care was taken not to include any other tissues than muscle, there may have been occasional tracks running outside the outer muscle border. These distorted fiber tracts may have differently impacted the perceived overall quality of muscle tractography by the different readers, eventually leading to moderate interreader agreement.
Despite the qualitative absence of fatty infiltration, there was a subtle increase in FF% with age for both male and female as calculated from ME Dixon images. This is in keeping with previous findings reported by Nardo et al 5 and
Crawford et al 14 showing age-related increase in muscular FF %. Although the degree of age-related fatty infiltration is small compared to pathology-associated Goutallier grades of 3 and 4, this physiologic age-dependence has to be kept in mind when judging muscle integrity in older individuals. Interestingly, despite comparable BMIs, there was consistently higher FF% in women compared, to men but this did not reach statistical significance.
While we found significantly larger RC muscle CSA in men compared with women, which was not against expectation and has been reported before, 15 there were no significant gender-related differences in any of the DTI parameters. This suggests that there may be no relevant gender-specific differences in RC muscle architecture that can be picked up by quantitative MRI. On the other hand, there was architectural heterogeneity between different RC muscles. SSP-one of the essential abductors in the shoulder joint-showed lower ADC values and better qualitative tract homogeneity than the remainder, as well as lower RD than ISP and TM, indicating a more anisotropic architecture. This may be due to the special anatomy of the SSP muscle where two different, partly fibrous muscle portions converge into one broad tendon, and thus smaller or tighter packed myofibrils may dominate. 16 The slight difference in normative DTI values of the SSP must be taken into account when applying DTI in the clinical setting, considering that SSP is most commonly affected by rotator cuff tears. 17, 18 FF% of the RC muscles showed intermediate positive correlation with FA-2D and FA-3D as well as intermediate negative correlation with RD. Although FA has been reported to decrease with increasing fatty infiltration, this may not be the case in the early stages. The decrease in RD with increasing FF% in nonvisible stages may be a result of shrinking myofibrils in diameter following accumulation of fat while keeping AD constant, leading to an overall increase in FA of the muscle. Once macroscopic fat deposits infiltrate the muscle, isotropic diffusion properties of fat gain overweight and cause the reported decrease in muscular FA.
3D DTI tractographies provide, in addition to diffusion measurements, the benefit of visualization of the structural integrity over a longer muscle course. On the other hand, 2D DTI measurements at predefined anatomic locations are faster and more easily performed than 3D tractographies with slightly higher reproducibility. Furthermore, tract homogeneity not only significantly depends on the type of RC muscle but, like anatomic accuracy, is also significantly influenced by preset changes, eg, FA threshold or angle threshold. 19 Consistent use of tractography presets is highly warranted when looking at inter-or intrasubject changes over a longer time course. Additionally, qualitative evaluation of MR tractography is more prone to reader-based differences in image interpretation, which was also the case in this study. Considering the high correlation between ADC-2D and ADC-3D as well as between FA-2D and FA-3D, the Y-position, however, may be considered a representative landmark for 2D measurements as surrogate for the total RC muscle.
There are limitations to this study. First, there was a significantly larger male proportion in the study population. This may impact gender-specific differences of FF% and DTI measures. Especially the slightly but nonsignificantly higher FF% in female subjects may become more pronounced in a balanced population. However, mean age and BMI were comparable between genders. Second, in order to establish physiologic values, we excluded partial and full-thickness tendon tears and looked at visually intact, ie, nonfat-infiltrated RC muscles. We cannot rule out other conditions beyond fat deposits that may have influenced muscle integrity, ie, training status or metabolic disorders. Furthermore, DTI values may depend on the type of MRI scanner, scan method, and scan parameters. Hence, normative values reported in this study might not necessarily be applicable to different MRI scanners and/or different scan parameters. Last, the value of combined functional MRI, ie, ME Dixon and DTI acquisitions in visually diseased, eg, edematous or fat infiltrated RC muscles, was not assessed in this study but will be the scope of future work.
In conclusion, quantitative MRI with estimation of FF % and DTI parameters shows significant age-associated changes and differences among visually intact RC muscles. High reproducibility and correlations of 2D with 3D DTI measurements can be expected.
